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Cigarette use is a risk factor for colorectal adenoma, a
known precursor of colorectal cancer. Polymorphic vari-
ants in NQO1 and CYP1A1 influence the activation of
carcinogenic substances in tobacco smoke, possibly
impacting on tobacco-associated risks for colorectal
tumors. We investigated the association of cigarette smok-
ing with risk for advanced colorectal adenoma in relation
to the CYP1A1 Val462 and NQO1 Ser187 polymorphic
variants. Subjects were 725 non-Hispanic Caucasian
cases with advanced colorectal adenoma of the distal
colon (descending colon, sigmoid and rectum) and 729
gender- and ethnicity-matched controls, randomly selected
from participants in the prostate, lung, colorectal and
ovarian cancer screening trial. Subjects carrying either
CYP1A1 Val462 or NQO1 Ser187 alleles were weakly associ-
ated with risk of colorectal adenoma; however, subjects
carrying both CYP1A1 Val462 and NQO1 Ser187 alleles
showed increased risks (OR ¼ 2.2, 95% CI ¼ 1.1--4.5),
particularly among recent (including current) (OR ¼
17.4, 95% CI ¼ 3.8--79.8, P for interaction ¼ 0.02)
and heavy cigarette smokers (420 cigarettes/day) (OR ¼
21.1, 95% CI ¼ 3.9--114.4, P for interaction ¼ 0.03)
compared with non-smokers who did not carry either of
these variants. These genotypes were unassociated with
risk in non-smokers. In analysis of adenoma subtypes,
the combined gene variants were most strongly associated
with the presence of multiple adenoma (P ¼ 0.002). In
summary, joint carriage of CYP1A1 Val462 and NQO1
Ser187 alleles, particularly in smokers, was related to colo-
rectal adenoma risk, with a propensity for formation of
multiple lesions.

Introduction

Colorectal adenoma is the major precursor of colorectal cancer
(1,2). Given the high prevalence of adenomas and the propor-
tional rarity of colorectal cancers (3), identifying determinants
of high-risk adenoma may facilitate the development of pre-
ventive strategies to colorectal cancer. Cigarette smoking
increases risk for colorectal adenoma, and probably also for
colon cancer, at least among the long-term smokers (4). Most
chemical carcinogens in cigarette smoke require metabolic
activation by phase I enzymes such as P450 enzymes and
detoxification by phase II enzymes (5--8). Metabolic activation
of polycylic aromatic hydrocarbons PAHs by cytochrome
P450 enzymes leads to oxidized derivatives, including qui-
nones (9,10), resulting in large amounts of reactive oxygen
species (ROS), which damage DNA (6,10,11).
CYP1A1 is a phase I metabolic enzyme which encodes the

aryl hydrocarbon hydroxylase (AHH) enzymes responsible for
the activation of a range of chemical carcinogens, including
benzo[a]pyrene (B[a]P) and other polycyclic aromatic hydro-
carbons (PAHs) (12). In contrast, NQO1 protects cells against
toxicity by catalyzing the two-electron reduction and detoxi-
fication of quinones to hydroquinones, impeding the formation
of DNA-quinone adducts (5,13,14). Thus, the coordinated
expression and regulation of CYP1A1 and NQO1 enzymes
and their enzymatic balance may determine the extent of cel-
lular DNA damage and related development of cancer (15).
CYP1A1 Val426 carriers exhibit higher levels of CYP1A1
enzymatic activity and inducibility, particularly in smokers
(16), and smokers who carry this variant also have increased
peripheral white blood cell PAH--DNA adducts (17). However,
differential enzymatic activity has not been consistently shown
in vitro (18,19) and involvement of CYP1A1 Val426 allele in
several tobacco-related cancers is controversial.
The heterozygous and homozygous carriers of NQO1 Ser187

allele are reported to have an ~3-fold decreased and com-
pletely null NQO1 enzyme activity, respectively, toward car-
cinogens present in tobacco smoke (6,7,20,21). Increased
NQO1 Ser187 allele frequency is also reported among cancer
patients, including those with lung, bladder, and esophageal
cancer and leukemia (15,22--24).
Although tobacco use is related to colorectal adenoma devel-

opment, epidemiologic studies have not shown clear associ-
ations of either the CYP1A1 Val462 or NQO1 Ser187 alleles with
colon cancer or colorectal adenoma (25). We investigated the
roles of these genetic variants in CYP1A1 and NQO1, in rela-
tion to tobacco use, in an early detection trial of cancer. The
study focuses on advanced adenoma, i.e. tumors with greater
potential for malignant transformation.

Methods

The PLCO Trial

The National Cancer Institute (NCI) prostate, lung, colorectal and ovarian
(PLCO) cancer screening trial randomized 77 483 screening arm participants

Abbreviations: AHH, aryl hydrocarbon hydroxylase; PLCO, prostate, lung,
colorectal and ovarian; ROS, reactive oxygen species.
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(38 364 men, 39 119 women) and a similar number of non-screened controls,
aged 55--74, at 10 US screening centers (Birmingham AL, Denver CO, Detroit
MI, Honolulu HI, Marshfield WI, Minneapolis MN, Pittsburgh PA, Salt Lake
City UT, St Louis MO and Washington DC) (26). At study entry, flexible
sigmoidoscopic visualization of the distal colon (60 cm) was done on parti-
cipants in the screening group. If the sigmoidoscopic examination was suspi-
cious for neoplasia (polyp or mass), the screenees were referred for endoscopic
follow-up, including histopathologic examination. All available pathology
reports on the removed lesions were obtained and coded by trained medical
abstractors (location, size, morphology, etc.). Questionnaire data and biologic
samples were acquired from study participants (27). Participants provided
written informed consent. The study was approved by the institutional review
boards of the NCI and the 10 screening centers.

Selection of study subjects

The investigation is a part of the NCI- PLCO cancer screening trial. Subject
selection has been described in detail elsewhere (28,29); in brief, cases and
controls were drawn from screening-arm participants at the 10 PLCO trial
screening centers between September 1993 and September 1999, who filled
out risk-factor questionnaires, had a successful sigmoidoscopy (insertion up to
at least 50 cm with490% of mucosa visible or a suspect lesion identified), and
provided a blood sample for use in etiologic studies (n ¼ 42 037). We further
excluded 4834 subjects with a self-reported history of ulcerative colitis,
Crohn’s disease, familial polyposis, colorectal polyps, Gardner’s syndrome
or cancer (except for basal cell skin cancer). With a goal of including ~800
cases and 800 controls, we randomly selected 772 of 1234 cases with at least
one advanced colorectal adenoma (adenoma �1 cm or containing high-grade
dysplasia or villous elements, including tubulovillous elements) in the distal
colon (descending colon and sigmoid or rectum) and 777 of 26 651 control
participants, with a negative sigmoidoscopy screening (i.e. no polyp or other
suspect lesion), frequency-matched to the cases by gender and ethnicity
(Non-Hispanic White, Non-Hispanic Black, Hispanic and others). For this
investigation, we studied only Non-Hispanic Whites (94% of total subjects,
including 725 cases of advanced adenoma and 729 controls) owing to the small
number of subjects with other ethnic/racial backgrounds and the significant
heterogeneity in CYP1A1 Val462 allele frequencies between Non-Hispanic
Whites and other ethnic groups (P 5 0.001).

Questionnaire data

Participants completed baseline general risk factor and food frequency ques-
tionnaires, reporting information on demographic characteristics, including
education, race and marital status, first-degree family history of cancer, body
size, use patterns of tobacco, alcohol consumption, selected drugs and hor-
mones, and the usual dietary intake over the 12 months prior to enrolment.
Detailed information on smoking history was collected, including ages started
and stopped, number of years of tobacco used, amount usually consumed and
the type of tobacco used (cigarettes, pipes or cigars). Individuals who did not
smoke cigarettes for46 months and did not smoke cigars or pipe for more than
a year were considered non-smokers. Subjects who used cigars or pipe for
1 year or more, but did not smoke cigarettes for46 months, were considered as
cigars/pipe users only.

Preliminary analyses of the PLCO study showed increased risks for
advanced colorectal adenoma among subjects who were current smokers or
had quit within 20 years before the study (30). To assess time-dependent
effects in adenoma risk, we contrasted risks between never smokers, smokers
who had quit 20 years or longer and smokers who were current users or had
quit in the last 19 years. To assess dose effects, we contrasted never users, with
smokers who consumed520 cigarettes per day and smokers of �20 cigarettes
per day. Dietary nutrient intake was calculated by multiplying the reported
frequency of consumption for relevant food items by gender- and nutrient-
specific portion size (31), using the nutrient database from the US Department
of Agriculture (32). Dietary intake of B[a]P was calculated using a database
developed by Kazerouni et al. (33).

Genotyping genetic variants

Genotyping of the two common variants, CYP1A1 (Ile462Val ) and NQO1
(Pro187Ser), was performed by TaqManTM assay (Applied Biosystems, Inc.,
Foster City, CA) using a 384-well plate and analyzed on an ABI 7900HT seq-
uence detection system, plotted with SDS software. Assays were validated and
optimized as described in the SNP500 Cancer website (http://snp500cancer.
nci.nih.gov). Assay-specific primer/probe concentrations and thermo-cycling
conditions are also available there for the CYP1A1-01 (rs# 1048943) and
NQO1-01 (rs# 1800566) assays. Internal laboratory quality controls included
four of each of the Coriell DNA samples containing homozygous major allele,
and heterozygous and homozygous minor allele genotypes for each poly-
morphism under study and four no template controls in every 384 samples.
Approximately 10% blinded quality control samples from 40 individuals were

interspersed with the study samples, showing 499% concordance. Genotype
data were successfully obtained for 91% (CYP1A1 Ile462Val) and 90%
(NQO1 Pro187Ser) of the study subjects. Individuals with insufficient DNA
(7%), genotyping failures (0.9% for CYP1A1 Ile462Val and 4% for NQO1
Pro187Ser) were excluded from the study. We also dropped subjects (0.6%)
from analyses who had ambiguous genetic profiles, based on our standard
quality control with 16 highly polymorphic markers. After exclusion of geno-
type failures, 700 cases and 708 controls were available for NQO1 (Pro187Ser)
analysis and 675 cases and 679 controls were available for CYP1A1 (Ile462Val)
analysis. The combined genotype status was examined in 668 cases and
668 controls.

Statistical analysis

Genotypes for CYP1A1 Ile462Val and NQO1 Pro187Ser were assigned the
scores: 0, no variant allele; 1, carrying one variant allele (Val462 for CYP1A1
or Ser187 for NQO1); and 2, carrying two variant alleles. Hardy--Weinberg
equilibrium was tested using the asymptotic Pearson’s x2-test. Odds ratios
(ORs) for adenoma risk and 95% confidence intervals (CIs) were calculated
using unconditional logistic regression. The regression coefficient correspond-
ing to the integer score provides an overall measure of strength of association
and is reported as the trend statistic.

The statistical significance of a multiplicative interaction term was tested
using the likelihood ratio test, comparing logistic regression models with and
without the appropriate interaction term. For testing interaction between a two-
level genotype variable (absence/presence of variant alleles) and a three-level
smoking variable, we included the smoking variable in the logistic regression
model as categorical for the main effect terms, and as ordinal (integer score)
for the interaction term; the corresponding x2-test for interaction has one
degree of freedom.

We obtained estimates of adenoma risks by joint status of CYP1A1 Val462,
NQO1 Ser187 and smoking. We present the results from logistic regression
models that included terms for the main effects and all second-order interaction
terms involving CYP1A1 Val462 genotype, NQO1 Ser187 genotype and smok-
ing status. Logistic regression models that also included explicit terms describ-
ing the three-way gene--gene--smoking interaction were unstable. The test for
gene--gene--smoking interaction was performed by comparing subjects who
had both CYP1A1 (Val462) and NQO1(Ser187) alleles against those who did
not carry either of the variant alleles, and considering cigarette use as an

Table I. Description of study subjects

Characteristics Controls N ¼ 729 Cases N ¼ 725
N (%) N (%)

Sex
Male 502 (68.8) 505 (69.7)
Female 227 (31.2) 220 (30.3)

Age at interview
55--59 years 332 (45.5) 241 (33.3)
60--64 years 192 (26.3) 225 (31.0)
65--69 years 137 (18.8) 162 (22.3)
70--74 years 68 (9.34) 97 (13.4)

First degree family history of colorectal cancer
No 664 (91.1) 637 (87.7)
Yes 65 (8.9) 89 (12.3)

Level of education
�11 years 41 (5.6) 63 (8.7)
12 years or high school 170 (23.4) 182 (25.1)
Some collegea 233 (32.0) 258 (35.7)
College and above 284 (39.0) 221 (30.5)

Cases of advanced adenomab

Size of adenoma
51 cm — 125 (17.2)
�1 cm — 536 (74.0)

Unknown — 64 (8.8)
Multiplicity

Single — 497 (68.6)
Multiple — 228 (31.4)

Advanced histologyc

No — 264 (36.4)
Yes — 461 (63.6)

aPost-high school and some college education.
bCase numbers are not mutually exclusive.
cAdenomas with high-grade dysplasia or villous elements.
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ordinal variable (coded: 0,1,2: 0, non-smokers, 1, quit smoking �20 years or
smoked �20 cigarettes/day; and 2, quit smoking 520 years or smoked
420 cigarettes/day).

Our effort was to study whether the joint effect of CYP1A1 and NQO1
polymorphisms varied by three different characteristics of adenoma: size
(�1 cm versus 51 cm), multiplicity (multiple versus single) and presence of
advanced histology. Based on a novel extension of polytomous logistic regres-
sion (34), we examined heterogeneity in the effect of the alleles by case--case
OR parameter defined by each individual characteristics (comparing one sub-
type of case with another, e.g. large versus small adenoma), after controlling
for the other two characteristics (e.g. multiplicity and histology). Adjustment
for first-degree family history of colorectal cancer, education, body mass index
and dietary intake of fiber and red meat did not substantially alter the results,
and were not included in the analyses presented here. Age was weakly correl-
ated with disease status and was included as a covariate along with gender in
the statistical analyses. All P-values were two-sided. Individuals with missing
values were excluded from specific analyses. All analyses were calculated
using Stata (Stata Corporation, College Station, TX; version 8.0) and MAT-
LAB (Mathwork Inc.; version 5.3.1).

Results

Gender was similar for both cases and controls (Table I).
Cases tended to be older (P 5 0.001), more likely to report a
first-degree family history of colorectal cancer (P ¼ 0.04) and
were less educated (P ¼ 0.001). Among the 725 cases, 536
(74.0%) had a lesion �1 cm, 461 (63.6%) showed

advanced histological features and 228 (31.4%) had multiple
adenoma.
Compared with non-smokers, risks for advanced adenoma

were significantly increased among current and recent smokers
(i.e. quit within the last 20 years) (OR ¼ 1.9, 95% CI ¼
1.5--2.4) and among those who smoked �20 cigarettes per
day (OR ¼ 1.7, 95% CI ¼ 1.3--2.3) (Table II). Among cigar or
pipe only users, no increased risk was observed. Dietary intake
of B[a]P did not alter the risk (data not shown).
Among controls, both CYP1A1 (Ile462Val) and NQO1

(Pro187Ser) genotype distributions were in Hardy--Weinberg
equilibrium in whites. The NQO1 Ser187 allele frequency was
0.18, similar to that reported (0.20) in a pooled analysis of other
studies (25). The CYP1A1 Val462 allele frequency was 0.03,
lower than reported (0.10) in the same pooled analysis (25).
The CYP1A1 Val462 variant by itself was not associated with
adenoma risk (Table II), while theNQO1 Ser187 variant showed
a marginal association (OR ¼ 2.0, 95% CI ¼ 1.0--4.0 for those
carrying two NQO1 Ser187 variants, P trend ¼ 0.09, compared
with those carrying none). Subjects carrying both CYP1A1
Val462 and NQO1 Ser187 variants had a significantly elevated
risk (OR ¼ 2.2, 95% CI ¼ 1.1--4.5, P for interaction ¼ 0.02).
Compared with non-smoking non-carriers, recent

smokers who carried at least one copy of CYP1A1 Val462 allele

Table II. Risk of colorectal adenoma by smoking and genotype statusa

Controls (N ¼ 729) Cases (N ¼ 725) OR (95% CI)b Ptrend

N (%) N (%)

Smoking status
Non-smokers 296 (40.8) 245 (33.9) 1.0 (Referent)
Smokers
Cigar or pipe only 42 (5.8) 35 (4.9) 1.1 (0.6--1.8)
Cigarette 391 (53.4) 445 (61.2) 1.4 (1.1--1.8)

Quit �20 years 194 (26.7) 164 (22.7) 1.2 (0.8--1.3)
Quit 520 yearsc 194 (26.7) 278 (38.5) 1.9 (1.5--2.4)
Trend statisticd 1.4 (1.2--1.6) 50.001
�20 cigarettes/day 235 (32.1) 238 (32.7) 1.3 (1.0--1.6)
420 cigarettes/day 156 (21.3) 207 (28.5) 1.7 (1.3--2.3)
Trend statisticd 1.3 (1.1--1.5) 50.001

CYP1A1 Val462
0 643 (94.7) 633 (93.8) 1.0 (Referent)
1 36 (5.3) 40 (5.9) 1.1 (0.7--1.9)
2 0 (0) 2 (0.3) — —
1--2e 36 (5.3) 42 (6.2) 1.1 (0.7--1.8)
Trend statisticf 1.3 (0.9--1.9) 0.23

NQO1 Ser187
0 468 (66.1) 435 (62.1) 1.0 (Referent)
1 228 (32.2) 243 (34.7) 1.1 (0.9--1.4)
2 12 (1.7) 22 (3.2) 2.0 (1.0--4.0)
1--2e 240 (33.9) 265 (37.9) 1.2 (0.9--1.4)
Trend statisticf 1.2 (0.98--1.5) 0.09

Joint effect of CYP1A1 and NQO1
CYP1A1 Val462 NQO1 Ser187

0 0 419 (62.7) 400 (59.8) 1.0 (Referent)
0 1--2 214 (32.0) 227 (34.0) 1.1 (0.9--1.4)
1--2 0 23 (3.5) 15 (2.2) 0.6 (0.3--1.2)
1--2 1--2 12 (1.8) 26 (4.0) 2.2 (1.1--4.5)
Pinteraction

g 0.02

aSome numbers may not add up to the total, owing to missing values.
bAdjusted for age and sex.
cIncludes current smokers.
dOR for smoking status as an ordinal variable 0 (non-smokers), 1 (quit smoking �20 years or smoked �20 cigarettes per day) and 2 (quit smoking 520 years or
smoked 20 cigarettes per day).
eCarrying at least one CYP1A1 Val462 or NQO1 Ser187 allele.
fOR for the number of alleles, as an ordinal variable: 0, no variant allele; 1, one variant (Val462 for CYP1A1 or Ser187 for NQO1); 2, two variants.
gP for interaction between two genes was obtained using ordinal variables.
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(OR ¼ 3.8, 95% CI ¼ 1.5--9.9) and at least one NQO1
Ser187 allele (OR ¼ 2.2, 95% CI ¼ 1.5--3.2) were at an
increased risk of adenoma. Subjects who smoked recently
and carried both CYP1A1 Val462 and NQO1 Ser187 had the
greatest risk (OR ¼ 17.4, 95% CI ¼ 3.8--79.8), compared with
non-smokers lacking CYP1A1 Val462 and NQO1 Ser187 alleles
(Table III). Statistical tests for interaction showed greater
increases in risk with recency of cigarette use among
CYP1A1 Val462 carriers (P for interaction ¼ 0.03) and among
carriers of both CYP1A1 Val462 and NQO1 Ser187 (P for
interaction ¼ 0.02).
Similar patterns were noted when daily cigarette use was

considered (Table IV). CYP1A1 Val462 carriers who smoked
�20 cigarettes per day showed significantly increased risks
(OR ¼ 6.4, 95% CI ¼ 1.8--22.3, P for interaction ¼ 0.007),
compared with non-smoking non-carriers of CYP1A1 Val462.
Subjects who smoked �20 cigarettes per day and carried both
CYP1A1 Val462 and NQO1 Ser187 had the greatest risks, com-
pared with non-smoking non-carriers (OR ¼ 21.1, 95% CI ¼
3.9--114.4, P for interaction is 0.03).
Analysis of tumor type specific risks showed that the com-

bination of the CYP1A1 Val462 and NQO1 Ser187 variants
together was more strongly associated with multiple adenoma
compared with single adenoma (OR ¼ 4.1, 95% CI ¼
1.7--10.2, P ¼ 0.002), and tended to be associated with non-
advanced histology (for advanced tumors, OR ¼ 0.4, 95%
CI ¼ 0.1--1.2, P ¼ 0.07) and smaller tumor size (for large
tumors, OR¼ 0.3, 95% CI¼ 0.1--1.0, P¼ 0.05) (Table V). No
such variation in risk was observed for the combinations of
genotypes indicating carriage of one or the other variant only.

Discussion

We found that smoking-associated risks for advanced colo-
rectal adenoma tended to be greatest in CYP1A1 Val462 and
NQO1 Ser187 carriers, particularly those who carried both gene
variants, and that these genetic risks were not seen in non-
smokers. The evidence for the association between cancer at
different sites with either CYP1A1 (I462V) or NQO1 (P187S)
polymorphisms has been controversial (15,16,21--25,35--41).
A recent pooled analysis, including four studies of CYP1A1
Val462 (460 cases and 742 controls), and two studies of NQO1

Ser187 (570 cases and 501 controls), showed no clear overall
associations between the CYP1A1 Val462 or NQO1 Ser187
variants and risk of colorectal cancer (25). However, of the
six studies, only two considered the inter-relationships
between genetic polymorphisms and tobacco use (37,42),
with one suggesting protective effects of NQO1 Pro187
among smokers (OR ¼ 0.434, 95% CI ¼ 0.13--1.2) (37).
NQO1 protects cells from carcinogens in cigarette smoke

through competition with CYP1A1 for quinone substrates,
inhibiting the formation of CYP1A1-generated metabolites
and subsequent binding to DNA (14). NQO1 Ser187 allele has
been linked to decreased NQO1 enzyme activity (6,7,20,21)
and CYP1A1 Val426 allele carriers were reported to have higher
levels of CYP1A1 enzymatic activity and inducibility, particu-
larly in smokers (16). Thus, the presence of both the CYP1A1
variant related to increased metabolism to toxic compounds
and the NQO1 variant related to decreased detoxification may
result in greater doses in smokers of B[a]P reactive metabo-
lites at the cellular level, yielding increased risks for B[a]P-
associated diseases.
Using a recently developed statistical approach to evaluate

the impact of risk factors on one of several overlapping disease
characteristics (34), we found that carrying both CYP1A1
Val462 and NQO1 Ser187 variants was most strongly associated
with risks for multiple, compared with single adenomas, and
possibly to small, histologically less aggressive lesions. This is
consistent with previous studies showing a relationship
between tobacco use and adenoma multiplicity (43,44) and
with data indicating that cigarette use is most strongly linked
to colorectal cancer precursors than to cancer itself (45,46).
Although the underlying biological mechanism for this obser-
vation is still unknown, B[a]P metabolites of these enzymes
may particularly influence the early stages of the adenoma--
carcinoma sequence, i.e. the transition from normal colonic
mucosa to early adenoma. Therefore, we speculate that the
metabolic pathway with involvement of both CYP1A1 and
NQO1 is more involved in early colorectal carcinogenesis,
rather than the later development of large or more histologic-
ally aggressive tumors.
The large sample size in our study allowed us to examine

inter-relationships of CYP1A1 Val462, NQO1 Ser187 and
smoking and to explore associations with specific adenoma

Table V. Case--case ORa (95% CI) for subjects with CYP1A1(Val462) and NQO1(Ser187) alleles, by selected pathological characteristicsb,c

Pathological
characteristicsd

Number of CYP1A1(Val462) and NQO1(Ser187) alleles

CYP1A1
(Val462)

NQO1
(Ser187)

CYP1A1
(Val462)

NQO1
(Ser187)

CYP1A1
(Val462)

NQO1
(Ser187)

1--2 0 0 1--2 1--2 1--2

OR (95%CI) OR (95%CI) OR (95%CI)

Sizee

Large versus small 1.2 (0.7--1.9) 1.0 (0.2--5.7) 0.3 (0.1--1.0)
Advanced histology

Yes versus no 1.6 (1.1--2.3) 0.9 (0.3--3.6) 0.4 (0.1--1.2)
Multiplicity

Multiple versus single 1.3 (0.9--1.9) 1.0 (0.3--3.8) 4.1 (1.7--10.2)

aAdjusted for age sex and smoking, with analysis for each tumor characteristic controlled for the distribution of the other two tumor characteristics. Referent
genotype group: no variant alleles (0, 0) in both genes.
bSubjects who never used cigarettes, but used pipes or cigars for �1 year were excluded from this analysis.
cSome numbers may not add up to the total due to missing values.
dCase numbers by tumor type are not mutually exclusive.
eSixty-four subjects with unknown adenoma size were excluded.
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sub-types. Further study is needed to define these relationships
for colorectal cancer and to examine risks in other population
and ethnic groups.
Our study of more than 725 cases and 729 controls, selected

from a colorectal cancer screening study, showed that CYP1A1
Val426 and NQO1 Ser187 carriers who smoke are at increased
risk for colorectal adenoma, particularly for multiple colo-
rectal adenoma. The findings point to involvement of B[a]P
metabolic pathways in colorectal carcinogenesis.

Acknowledgements

The authors thank Drs John K.Gohagan and Philip Prorok, Division of Cancer
Prevention, National Cancer Institute, the Screening Center investigators and
staff of the Prostate, Lung, Colorectal, and Ovarian (PLCO) Cancer Screening
Trial, Drs Rashmi Sinha and Nat Rothman, Division of Cancer Epidemiology
and Genetics, National Cancer Institute, Tom Riley and staff, Information
Management Services, Inc., Barbara O’Brien and staff, Westat, Inc., and
Drs Bill Kopp, Wen Shao, and staff, SAIC-Frederick for their contributions
to making this study possible.

Conflict of Interest Statement: None declared.

References

1.Fearon,E.R. (1992) Genetic alterations underlying colorectal tumorigen-
esis. Cancer Surv., 12, 119--136.

2.Winawer,S.J., O’Brien,M.J., Waye,J.D., Kronborg,O., Bond,J.,
Fruhmorgen,P., Sobin,L.H., Burt,R., Zauber,A. and Morson,B. (1990)
Risk and surveillance of individuals with colorectal polyps. WHO
Collaborating Centre for the prevention of colorectal cancer. Bull. World
Health Organ., 68, 789--795.

3.Winawer,S.J. (1999) Natural history of colorectal cancer. Am. J. Med.,
106, 3S--6S.

4.Giovannucci,E. (2001) An updated review of the epidemiological
evidence that cigarette smoking increases risk of colorectal cancer.
Cancer Epidemiol. Biomarkers Prev., 10, 725--731.

5.Talalay,P., Fahey,J.W., Holtzclaw,W.D., Prestera,T. and Zhang,Y. (1995)
Chemoprotection against cancer by phase 2 enzyme induction. Toxicol.
Lett., 82--83, 173--179.

6.Bolton,J.L., Trush,M.A., Penning,T.M., Dryhurst,G. and Monks,T.J.
(2000) Role of quinones in toxicology. Chem. Res. Toxicol., 13,
135--160.

7.Parkinson,A. (2003) Biotransformation of Xenobiotics. In Klaussen,C.
(ed.), Casarett and Doull’s Toxicology: The Basic Science of Poisons.
McGraw--Hill, New York, pp. 133--237.

8.Schoket,B., Papp,G., Levay,K., Mrackova,G., Kadlubar,F.F. and Vincze,I.
(2001) Impact of metabolic genotypes on levels of biomarkers of
genotoxic exposure. Mutat. Res., 482, 57--69.

9.Palackal,N.T., Lee,S.H., Harvey,R.G., Blair,I.A. and Penning,T.M. (2002)
Activation of polycyclic aromatic hydrocarbon trans-dihydrodiol pro-
ximate carcinogens by human aldo-keto reductase (AKR1C) enzymes and
their functional overexpression in human lung carcinoma (A549) cells.
J. Biol. Chem., 277, 24799--24808.

10.Penning,T.M., Burczynski,M.E., Hung,C.F., McCoull,K.D., Palackal,N.T.
and Tsuruda,L.S. (1999) Dihydrodiol dehydrogenases and polycyclic
aromatic hydrocarbon activation: generation of reactive and redox active
o-quinones. Chem. Res. Toxicol., 12, 1--18.

11.Kumagai,Y., Arimoto,T., Shinyashiki,M., Shimojo,N., Nakai,Y.,
Yoshikawa,T. and Sagai,M. (1997) Generation of reactive oxygen species
during interaction of diesel exhaust particle components with NADPH-
cytochrome P450 reductase and involvement of the bioactivation in the
DNA damage. Free Radic. Biol. Med., 22, 479--487.

12.Shimada,T., Yun,C.H., Yamazaki,H., Gautier,J.C., Beaune,P.H. and
Guengerich,F.P. (1992) Characterization of human lung microsomal
cytochrome P-450 1A1 and its role in the oxidation of chemical
carcinogens. Mol. Pharmacol., 41, 856--864.

13.Riley,R.J. and Workman,P. (1992) DT-diaphorase and cancer chemother-
apy. Biochem. Pharmacol., 43, 1657--1669.

14. Joseph,P. and Jaiswal,A.K. (1994) NAD(P)H:quinone oxidoreductase1
(DT diaphorase) specifically prevents the formation of benzo[a]pyrene

quinone--DNA adducts generated by cytochrome P4501A1 and P450
reductase. Proc. Natl. Acad. Sci. USA, 91, 8413--8417.

15.Nebert,D.W. (1991) Role of genetics and drug metabolism in human
cancer risk. Mutat. Res., 247, 267--281.

16.Crofts,F., Taioli,E., Trachman,J., Cosma,G.N., Currie,D., Toniolo,P. and
Garte,S.J. (1994) Functional significance of different human CYP1A1
genotypes. Carcinogenesis, 15, 2961--2963.

17.Mooney,L.A., Bell,D.A., Santella,R.M. et al. (1997) Contribution of
genetic and nutritional factors to DNA damage in heavy smokers.
Carcinogenesis, 18, 503--509.

18.Zhang,Z.Y., Fasco,M.J., Huang,L., Guengerich,F.P. and Kaminsky,L.S.
(1996) Characterization of purified human recombinant cytochrome
P4501A1-Ile462 and -Val462: assessment of a role for the rare allele in
carcinogenesis. Cancer Res., 56, 3926--3933.

19.Persson,I., Johansson,I. and Ingelman-Sundberg,M. (1997) In vitro
kinetics of two human CYP1A1 variant enzymes suggested to be
associated with interindividual differences in cancer susceptibility.
Biochem. Biophys. Res. Commun., 231, 227--230.

20.Traver,R.D., Horikoshi,T., Danenberg,K.D., Stadlbauer,T.H.,
Danenberg,P.V., Ross,D. and Gibson,N.W. (1992) NAD(P)H:quinone
oxidoreductase gene expression in human colon carcinoma cells:
characterization of a mutation which modulates DT-diaphorase activity
and mitomycin sensitivity. Cancer Res., 52, 797--802.

21.Kuehl,B.L., Paterson,J.W., Peacock,J.W., Paterson,M.C. and Rauth,A.M.
(1995) Presence of a heterozygous substitution and its relationship to
DT-diaphorase activity. Br. J. Cancer, 72, 555--561.

22.Sunaga,N., Kohno,T., Yanagitani,N., Sugimura,H., Kunitoh,H.,
Tamura,T., Takei,Y., Tsuchiya,S., Saito,R. and Yokota,J. (2002)
Contribution of the NQO1 and GSTT1 polymorphisms to lung adeno-
carcinoma susceptibility. Cancer Epidemiol. Biomarkers Prev., 11,
730--738.

23.Zhang,J.H., Li,Y., Wang,R. et al. (2003) NQO1 C609T polymorphism
associated with esophageal cancer and gastric cardiac carcinoma in North
China. World J. Gastroenterol., 9, 1390--1393.

24.Nebert,D.W., Roe,A.L., Vandale,S.E., Bingham,E. and Oakley,G.G. (2002)
NAD(P)H:quinone oxidoreductase (NQO1) polymorphism, exposure to
benzene, and predisposition to disease: a HuGE review. Genet. Med., 4,
62--70.

25.de Jong,M.M., Nolte,I.M., te Meerman,G.J., van der Graaf,W.T.,
de Vries,E.G., Sijmons,R.H., Hofstra,R.M. and Kleibeuker,J.H. (2002)
Low-penetrance genes and their involvement in colorectal cancer
susceptibility. Cancer Epidemiol. Biomarkers Prev., 11, 1332--1352.

26.Gohagan,J.K., Prorok,P.C., Hayes,R.B. and Kramer,B.S. (2000) The
prostate, lung, colorectal and ovarian (PLCO) cancer screening trial of
the National Cancer Institute: history, organization, and status. Control
Clin. Trials, 21, 251S--272S.

27.Hayes,R.B., Reding,D., Kopp,W. et al. (2000) Etiologic and early marker
studies in the prostate, lung, colorectal and ovarian (PLCO) cancer
screening trial. Control Clin. Trials, 21, 349S--355S.

28.Peters,U., Sinha,R., Chatterjee,N. et al. (2003) Dietary fibre and colorectal
adenoma in a colorectal cancer early detection programme. Lancet, 361,
1491--1495.

29.Huang,W.Y.,Chatterjee,N.,Chanock,S.,Dean,M.,Yeager,M.,Schoen,R.E.,
Hou,L.F., Berndt,S.I., Yadavalli,S., Johnson,C.C. and Hayes,R.B.
Microsomal epoxide hydrolase (EPHX1) polymorphisms and risk for
advanced colorectal adenoma. Cancer Epidemiol. Biomarkers Prev., 14,
152--157.

30. Ji,B.-T., W.J., Chow,W.-H., Schoen,R. and Hayes,R.B. (2003) Tobacco
smoking and colorectal hyperplastic and adenomatous polyps. In
Proceedings of the 94th Annual Meeting of the American Association
for Cancer Research, Washington Convention Center, Washington, DC,
July 11--14, p. 302.

31.Subar,A.F., Midthune,D., Kulldorff,M., Brown,C.C., Thompson,F.E.,
Kipnis,V. and Schatzkin,A. (2000) Evaluation of alternative approaches
to assign nutrient values to food groups in food frequency questionnaires.
Am. J. Epidemiol., 152, 279--286.

32.Tippett,K.S. and Cypel,Y.S. Design and operation: the continuing survey
of food intakes by individuals and the diet and health knowledge survey
1994--96. NFS Report No. 96-1, US Department of Agriculture,
Agricultural Research Service.

33.Kazerouni,N., Sinha,R., Hsu,C.H., Greenberg,A. and Rothman,N. (2001)
Analysis of 200 food items for benzo[a]pyrene and estimation of its intake
in an epidemiologic study. Food Chem. Toxicol., 39, 423--436.

34.Chatterjee,N. (2004) A two-stage regression model for epidemiological
studies with multivariate disease classification data. J. Am. Stat. Assoc.,
99, 127--138.

CYP1A1, NQO1, smoking and colorectal adenoma

1127



35.Bartsch,H., Nair,U., Risch,A., Rojas,M., Wikman,H. and Alexandrov,K.
(2000) Genetic polymorphism of CYP genes, alone or in combination, as a
risk modifier of tobacco-related cancers. Cancer Epidemiol. Biomarkers
Prev., 9, 3--28.

36.Hamajima,N., Matsuo,K., Iwata,H. et al. (2002) NAD(P)H: quinone
oxidoreductase 1 (NQO1) C609T polymorphism and the risk of eight
cancers for Japanese. Int. J. Clin. Oncol., 7, 103--108.

37.Harth,V., Donat,S., Ko,Y., Abel,J., Vetter,H. and Bruning,T. (2000)
NAD(P)H quinone oxidoreductase 1 codon 609 polymorphism and its
association to colorectal cancer. Arch. Toxicol., 73, 528--531.

38.Wu,M.T., Lee,J.M., Wu,D.C., Ho,C.K., Wang,Y.T., Lee,Y.C., Hsu,H.K.
and Kao,E.L. (2002) Genetic polymorphisms of cytochrome P4501A1 and
oesophageal squamous-cell carcinoma in Taiwan. Br. J. Cancer, 87,
529--532.

39.Watanabe,M. (1998) Polymorphic CYP genes and disease predisposition—
what have the studies shown so far? Toxicol. Lett., 102--103, 167--171.

40.Ye,Z. and Parry,J.M. (2002) Genetic polymorphisms in the cytochrome
P450 1A1, glutathione S-transferase M1 and T1, and susceptibility to
colon cancer. Teratog. Carcinog. Mutagen., 22, 385--392.

41.Lafuente,M.J., Casterad,X., Trias,M., Ascaso,C., Molina,R., Ballesta,A.,
Zheng,S., Wiencke,J.K. and Lafuente,A. (2000) NAD(P)H:quinone
oxidoreductase-dependent risk for colorectal cancer and its association
with the presence of K-ras mutations in tumors. Carcinogenesis, 21,
1813--1819.

42.Kawajiri,K., Nakachi,K., Imai,K., Watanabe,J. and Hayashi,S. (1993) The
CYP1A1 gene and cancer susceptibility. Crit. Rev. Oncol. Hematol., 14,
77--87.

43.Reid,M.E., Marshall,J.R., Roe,D., Lebowitz,M., Alberts,D.,
Battacharyya,A.K. and Martinez,M.E. (2003) Smoking exposure as a risk
factor for prevalent and recurrent colorectal adenomas. Cancer Epidemiol.
Biomarkers Prev., 12, 1006--1011.

44.Lee,W.C., Neugut,A.I., Garbowski,G.C., Forde,K.A., Treat,M.R.,
Waye,J.D. and Fenoglio-Preiser,C. (1993) Cigarettes, alcohol, coffee,
and caffeine as risk factors for colorectal adenomatous polyps. Ann.
Epidemiol., 3, 239--244.

45.Giovannucci,E., Colditz,G.A., Stampfer,M.J., Hunter,D., Rosner,B.A.,
Willett,W.C. and Speizer,F.E. (1994) A prospective study of cigarette
smoking and risk of colorectal adenoma and colorectal cancer in U.S.
women. J. Natl Cancer Inst., 86, 192--199.

46.Giovannucci,E., Rimm,E.B., Stampfer,M.J., Colditz,G.A., Ascherio,A.,
Kearney,J. and Willett,W.C. (1994) A prospective study of cigarette
smoking and risk of colorectal adenoma and colorectal cancer in U.S. men.
J. Natl Cancer Inst., 86, 183--191

Received September 21, 2004; revised February 15, 2005;
accepted February 16, 2005

L.Hou et al.

1128


